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Abstract: Domains belonging to the immunoglobulin-like fold very similar to that observed for Fn3 domains is the polycystic
are responsible for a wide variety of molecular recognition pro-kidney diseasé PKD) domain, originally found in 16 copies in
cesses. Here we describe a new family of domains, the HYRpolycystin-1, a protein encoded by the PKD1 gene, which is mu-
family, which is predicted to belong to this fold, and which appearstated in autosomal dominant polycystic kidney dise@€@PKD)

to be involved in cellular adhesion. HYR domains were identified (Bycroft et al., 1999; Fig. l PKD domains are present in a num-
in several eukaryotic proteins, often associated with Complement
Control Proteif CCP modules or arranged in multiple copies. Our
analysis provides a sequence and structural basis for understanding
the role of these domains in interaction mechanisms and leads to
further characterization of heretofore undescribed repeated do-
mains with similar folds found in several bacterial proteins in-
volved in enzymatic activitiessome chitinasesor in cell surface
adhesion(streptococcal C-alpha antigen

Keywords: adhesion; complement control protein; fibronectin
type IlI; hyalin; hydrophobic cluster analysis; iterative database
search; polycystic kidney disease

Eukaryotic extracellular proteins are mostly composed of multiple
modules, each of which can generally be found in a wide variety
of proteins with different functionéBork et al., 1996 One of the
more frequently occurring of these modules is the fibronectin type
Il (Fn3) domain, which is found in many extracellular proteins, in
the extracellular parts of several membrane—receptor proteins, and
also in some intracellular proteins such as the muscle-associated
titin (Bork & Doolittle, 1992. Fn3 domains have also been found
in bacteria but are largely limited to carbohydrate-splitting en-
zymes(Bork & Doolittle, 1992; Little et al., 1994 Fn3 domains
form a distinct superfamily within the immunoglobulin-like fold. ] ) ) ) ]
Their structure consists of a seven-strangesandwich, with two Fig. 1. A: Molscript representatiofKraulis, 1993 of the three-dimensional
L] structures of the tenth Fn3 domain of human fibrone¢®notein Data
sheets A-B-E and GC-F-G packed face to fadd~ig. 1) (Baron Bank (PDB) 1FNF) and of a PKD domain of human polycystinPDB
et al.,, 1992; Leahy et al., 1992; Bork et al., 1994; Halaby et al.,1B4R), showing the secondary structure elemegtStrands are labeled A
1999. Another domain with a Greek keg-sandwich topology to G and are organized in two sheets of th(88E) and four (GFCC)
antiparallelB strands. The conserved tyrosine at the beginning of sg&nd
is shown, as well as the two highly conserved tryptophane residues in
Reprint requests to: Isabelle Callebaut, Systemes Moléculaires & BiolostrandsBB (Fn3) and BC (PKD), respectivelyB: Schematic diagram of
gie Structurale, LMCP, CNRS UMR 7590, Universités Paris 6 et Paris 7 the predicted fold of the HYR domaig-Strands shaded gray indicate the
Case 115, 4 place Jussieu 75252 Paris Cedex 05, France; e-mail: callebawd@ferent labeling possibilities relative to the predicted posititsee text
Imcp.jussieu.fr. and Fig. 3.
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ber of eukaryotic proteins and are also found in bacterial colla-
genases and proteases as well as in a surface-layer protein from
Methanothermusinterestingly, PKD domains are often observed, 1

within a same protein sequence, in association with Fn3 domains. %ﬁcﬁ
Together with other superfamilies within the immunoglobulin- B
like fold, such as the immunoglobulin-likdgSF) and cadherin Egeia @m
(CA) superfamilies, domains from the Fn3 superfamily are widely eys g
implicated in specific molecular recognition processes and partici-
pate in cell adhesion through céatkll interactions as well as in- 464
SRPX_HUMAN

teractions between cells and the extracellular mafiixes, 1996
Ligand binding sites are formed by surface loops as well as by < ccp ©cPp ccp
parts of theB-sheets. A well-known example of a loop involved in
integrin binding is the “RGD” loop, linking stran@F to strang3G
(loop F—Q of the 10th fibronectin Fn3 moduldork et al., 1994;

SRPUL/HUMAN

100 aa|

Campbell & Spitzfaden, 1994; Harpaz & Chotia, 199@n an- ST2R

other hand, the CFG face of the immunoglobulin-ligebarrel )

appears to play a major role in the adhesive interaction, irrespec- \ iTm 1200
tive of the nature of the liganig.g., in VCAM-1 for its interaction €cp HYALIN/STRPU
with the integrin VLA-4(Jones et al., 1995in CD2 for its inter- .

action with CD58CD48 (Bodian et al., 1994 in cadherin for - W02C12.1/CAEEL
homophilic adhesiofOverduin et al., 1995; Shapiro et al., 199ba i STIZR

Finally, it is worth noting that two consecutive domains are often B i

involved in the binding function, as illustrated by neuroglian Fn3 :§ i

domains, which display an ion-binding cleft between tHéfnber b <4 1827

et al., 1994. F47C12.1/CAEEL

Here, we describe a new family of extracellular protein modules
likely to play an important role in cellular adhesion, as these mod-
ules are responsible for the interaction of hyalin, a protein of the
echinoderm extra-embryonic matrix, with its cell surface receptor
(Wessel et al., 1998As hyalin is composed exclusively of repeats
of this domain, we will refer to this heretofore undescribed domain
as the HYR moduléhyalin repeat. Moreover, we show that this
domain family probably corresponds to a new superfamily within
the immunoglobulin-like fold, as suggested on the one hand by the
sequence similarities it shares with members of the Fn3 and PKD
families, and on the other hand by a distinct sequence pattern
conservation relative to these families. Interestingly, we addition-
ally point out the presence in some bacterial proteins of repeated
domains, which are also predicted to belong to the immunoglobulin-
like fold, thereby linking HYR modules to Fn3 domains.

STI2R

™

2824
FS5H12.3/CAEEL

Results and discussion:ldentification of the HYR familyWe
started our analysis from the sequence of a recently cloned murine

CcDNA encoding a large protei(8,567 amino acidscalled Poly-  Fig. 2. Modular architecture of proteins containing the HYR module. Gen-
dom, which contains a Von Willebrand factor type(XXWA ) do- bank and SwissProt accession numbers are given in Figure 3. Other do-
main and a pentraxitPTX) domain, as well as multiple copies of mains were identified against the PfaiBateman et al., 1999 Prosite

; ; (Hofmann et al., 1999 and SMART(Ponting et al., 1999databases and
complement control proteifCCP and Epidermal Growth Factor are abbreviated as followBork & Bairoch, 1995 CCP, @mplement

(EGF)-like .modules(Fig. 2; Gilges et al., unpubl. obs.psing Control Fotein; CUB, Clr/C1s, \EGF, lbne morphogenetic protein; FA58C,
hydrophobic cluster analysi€allebaut et al., 1997 a duplicated  F5/gtype G also known as discoidin domaiDS); EGF, Epidermal Gowth
domain of ~80 amino acids corresponding to the HYR module Factor-like; EGF-CA, clrium-binding Epidermal Gowth Factor-like; HYR,
described herein was first identified between the third and fourtHiyalin Repeat; LDLa, low-Density Lipoprotein receptor domain class A

: . PTX, Pentaxin; VWA, V on Willebrand factor type APutative transmem-
0, LA L A X AL 2 L
CCP modules of Polydoni32% identity, BLAST 2 sequences 0t «rm) are indicated. An additional Cys-rich domaBT T2R,

E-value of 8X 107°). Then, using both domains as queries in Similar To Thyroglobulin-like 2Repeaty composed of three repeats of a

PSI-BLAST searchefAltschul et al., 1997, the HYR module was  two cysteine basic module sharing similarities with thyroglobulin-like 2

significantly detected after convergence in several protéiigs. 2,  repeat s found in three or four copies in the th@eeleganshypothetical

3; see the details of the PSI-BLAST results in the Fig. 3 caption Proteins as well as in the Polydom protein. One of the CCP modules of

. . S . . . mouse Polydom is larger due to an insertion of considerable length within

Inthe hya!ln protein, which is the major constituent of the hyalin this domain. Note also that the HYR sequence repeat of hyalin is “switched”

layer of echinoderm embryos, the HYR module corresponds to @elative to the structural repeéee also Fig. 3 and text

repeated domain, which constitutes the entirety of the proWes-

sel et al., 1998; Fig. )2 The hyalin layer is an extra-embryonic
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POLYDOM/MOUSE_2 645 . .lIEPPVIDWCR...SPPRERIVVEKEEPAS .FSUNSGA. .ELVHTS.SHTQGDM .TPI?PSGNNRT. 724
W02C12.1/CAEEL 622 KSQSQILIEDCP...SDMVE{SSMDRETNQT .FLEJSNSK..IEKMEK . NLKQGQM] L TRINATNQAQ . 703
SPRUL/HUMAN 177 DPP . KR RCE.HSRERMAPEKLTAR-Y-. . VESADGTITRVGILR . GPEPGSH|; CYPIRAYNRAS . 261
SRPX_HUMAN 175 LIEPP . R%KCF.SVKERIAPNKLTVR"S' .GRIUTADGILTDV LK.CLDPGSN' KGT 259
POLYDOM/MOUSE_1 560 KPIEAP.QSCP.NDHEAXTGEQQDSANYT .AKNSGEKVSVH .AFTPPYL . DGR RT) .THISSGNQAS . 644
F47C12.1/CAREL 1111 [PJIEPPKFENCEZ SF‘gFAKEmENGQL.KA' E| .ASNSGK_.&_‘:’TQH PLGMRTG. L:ITE. LD L . FPISAGNTAW . 1135
HYALIN/STRPU_0 L e e e e e e e e B T CTRIAFANVG . QCAL Ty T 39
HYALIN/STRPU_11 882 ’ voSTELeveGT VST, T.AN . . 4T\ TYT .TRINSGLTDONSCSFTITY 966
HYALIN/STRPU_2 125 TROUIVGSSGVNFhY. . .. F .QPPSGNPAS. 207
HYALIN/STRPU_3 208 TROPIVGSSGVNGFL . T. C . RTHN 4P LG - v PSGNPAS. 292
HYALIN/STRPU_1 40 TROUEVGTPGVNYFI4 . TEPT. RTHN FIgs|yc . Iy .QPPSGNPAS. 123
HYALIN/STRPU_4 293 TRQ'IGT:‘G‘U‘N" E . SGI...AN RTN APuC - v .QpPSGNPSS. 376
HYALIN/STRPU_5 377 v 2 AN QP SGNPAS 460
HYALIN/STRPU_6 461 RPJASGNEAT 544
HYALIN/STRPU_T 546 QpPAGNEGR 629
HYALIN/STRPU_B 630 v B .. .SpINSGMEAEPCTTY 3 713
HYALIN/STRPU_S 714 . vl .N'HADT“ : .TIPT. . T 4PLG - T : L TRASGNNAQPCTINY 797
HYALIN/STRPU_12 967 : 0 : . . LAPINSGMNTADACS] T 1050
HYALIN/STRPU_13 1051 QQTTPP.TUNCIT.N} V[E v . T. . . E AP UG . & . 'F . GRINSGNQADPCT{TITL 1133
HYALIN/STRPU_10 798 [WTTPP.TUNCAN . NMAQTHHLGSTSAV] . . A F 3 . T\ . SPIOSGNERPPCVIHTYT 881
HYALIN/STRPU_14 1134 QPTTPP.TQTCIS. Dk Ve . = . A E T AP LC - v B 1 1200
F55H12.3/CAEEL 2145 KPJRLPPTVIARCPK.NERXGTTEDF . . TH|JE A s 4G . I 7 ;. FAAGNSAE. cTEDOTHY 2228
consensus h-h PP h Ic1 h h- s h h h
c
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Fig. 3. Multiple alignment of HYR domain sequences. PSI-BLAST sear¢BeAST 2.0.10; E-value threshold 0.004f NCBI nonredundant databage’; 436 362
sequencesusing the Polydom first and second HYR domaiaa 560 to 644 and aa 645 to 236 queries revealed similarities with the following proteins after
convergence by iterations 2 and 4, respectively: SRIPOM 4 X 1072° to 8 X 102 (first HYR domain and 5X 10724 to 6 X 1072 (second HYR domaif,
Strongylocentrotus purpuratusyalin (14 hits ranging from 8< 1072° to 6 X 107 (first HYR domain and from 1X 1077 to 2 X 10~7 (second HYR domain
and several hypothetical proteins fran elegansF47C12.1(4 X 10~?2, first HYR domain; 2x 1078, second HYR domainp W02C12.1(5 X 10718, first HYR
domain; 9x 10~%, second HYR domainand F55H12.32 x 10718, first HYR domain; 5x 10718 second HYR domain The repeats of hyalin frorytechinus

AF206329
UB0815.1
AFOG0567
P78539

AF2063239
UE1946

AF0TE4T2
AF076472
AFOTE4T2
AFOTE4T2
AF0TE472
AF0TE4T2
AF0T76472
AFOTE4T2
AF0TE4T2
AFO0TE4T2
AF0TE472
AFO0TE4T2
AF0TE472
AFO0T6472
AF0T76472
ZB1091

variegatus(AF076250 are not indicated for clarity. Swiss-Prot and GenBank accession numbers are given at the ends of the sequences. Secondary structure

predictions using the JPred serveuff et al., 1998 are given beneath the alignmeatrow: extended g8-strand. A consensus line is also shown: h, hydrophobic
residuedV, I, L, M, F, Y, W; in green, and which can sometimes be substituted by S, C, T);aa,Aaromatic residue, F, W; in purple; —, negatively charged
residued D, E; in red; s, small residueA, S, G; in beigg; cysteine residuetC; in yellow). Note that two positions at the beginning and end of the HYR domain
are often occupied simultaneously by cysteine residues, suggesting that these two residues probably form a disulfide bond. This hypothesihy shippeerall
architecture of the predicted immunoglobulin-like fold. STRBUpurpuratusCAEEL, C. elegansFigures 3 and 4 were prepared using ESRuuet et al., 1999
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The HYR family of domains 1385

matrix that acts as a substrate for cell adhesion throughout earlyable 1. The observed similarities match highly conserved motifs
development. As hyalin is composed exclusively of HYR modules,located at the end of the HYR modules, including the two last
and as these have been shown to contain the ligand for the hyalipredicteds-strands(strandsg6é andg7) and the loop connecting
cell surface receptofWessel et al., 1998the HYR module can  them(Fig. 4). Moreover, they correspond in the matching proteins
also be expected to play a direct role in cellular adhesion in otheto repeated domains with a length similar to the HYR domain
proteins in which it is present. It should be noted that calcium is(~80-100 amino acidsand which, in some cases, constitute most
involved in the aggregation of hyalin monomers in high molecularor even the all of the protein, as in hyaliiable 1. In these cases,
weight core particlesWessel et al., 1998 This divalent cation  as in hyalin, the sequence repeat is frequently switched relative to
might therefore also play a role in the struct(ftenction of HYR the structural repeat, suggesting that the N-terminal end might
modules. participate in a unique globular structural unit with the C-terminal
The HYR module also appears to be frequently associated witlend via a secondary structure exchange mechaflikmthat ob-
CCP modulegFig. 2). These modules, also known as Short Con-served in chaperon-adhesin complexes; Choudhury et al., 1999;
sensus RepeatSCR) or sushi domains, are mainly found in Sauer et al., 19990occurring in a circular arrangement or in
various complement regulatory proteins known to interact witholigomers.
components C3b aridr C4b (Reid & Day, 1989. For instance, As observed in Figure 4, the residue pattern of stra@6dis
CCP modules flank the HYR module of SRPXushi-repeat- highly conserved in HYR domains relative to Fn3 domains, and
containing protein, X chromosomea protein encoded by a gene more particularly PKD domainstrandBF). This pattern includes
that is deleted in patients with X-linked retinitis pigmentosa, anda glycine at the beginning of the strand, followed by an alternation
which is thought to be located at the photoreceptor cell surfac®f nonhydrophobi¢ghydrophobic amino acids typical of extended
(Meindl et al., 1995 structures, and ended by a conserved acidic residue. This pattern is
As shown in Figure 3, HYR domains contain highly conservedimmediately followed by a highly conserved tripepti@@nsensus
residues. Three conserved aromatic amino acids should participagequencd AS]G[NQE]), which is located in the FG loop, and
in the packing of the hydrophobic core. Three acidic residues aravhich matches, in the fibronectin 10th module, the integrin-
also highly conserved, suggesting that they may play a specifibinding tripeptide RGD. The conservation of strg8iél of HYR
role, possibly in a cation-binding function. Two positions at the domains relative to those of the Fn3 and PKD superfamilies is
beginning and end of the HYR domain are often simultaneouslyconsistent with the fact that it is the only strand to retain clearly
occupied by cysteine residues, suggesting that these two residuesnserved hydrophobic features in all the immunoglobulin-like
probably form a disulfide bond. Consistent with this hypothesis,folds (Bork et al., 1994; Halaby et al., 199%However, in HYR
when cysteines are absent, these two positions are occupied bydamains, the conserved aromatic residue does not occupy the first
valine (first position) and an alanine or a glycirieecond position hydrophobic position(as in Fn3 or PKD domainsbut the third
all of which are small, uncharged residues that can fill buriedone. It should be noted that intermediate states can be observed in
positions. Secondary structure predictions on the multiple alignsome repeated domains sharing similarities with HYR domains, in
ment using the JPred serveCuff et al., 1998 indicate an allg which these two hydrophobic positiofiirst and third are both
fold including severB-strands(Fig. 3. occupied by aromatic residu¢big. 4).
These results and the predicted secondary structure pat#erns
B-strands, Fig. B therefore, clearly indicate that the structure of
Relationship to the immunoglobulin-like superfoldue to its po- HYR modules as well as repeated modules found in several bac-
sition (flanked by CCP modules; Fig) 2nd to its length, the HYR  terial proteins described in Table 1 and Figure 4 should, in fact,
domain of SRPX was first suggested to be a divergent CCP moduleorrespond to immunoglobulin-like folds that share sequence sim-
(Meindl et al., 1995 Although both modules should have a sim- ilarities (limited to the C-terminal regionswith three different
ilar secondary structure pattefseveng-strands, as predicted for superfamilies adopting the same immunoglobulin-like superfold
HYR (Fig. 3), or deduced for CCP from an experimental structure (namely, the Fn3, PKD, and CA superfamilie®Moreover, Fn3,
(Barlow et al., 1998, the analysis presented here clearly distin- PKD, and HYR domains share a specific amino acid composition
guishes HYR from CCP modules for several reasons. First, theich in light amino acidgA, G, S, and T comprise approximately
HYR module contains only two cysteines located N- and C-terminak third of the residues of HYR domainsnd unusual for all
to the module and not absolutely conserved within the family-proteins(Bycroft et al., 1999; also see footnote to Tab)e 1
(Fig. 3), while the CCP modules possess four cysteines that form Although the last two strands can unambiguously be linked to
an intramodule disulfide bridge in a 1-3, 2-4 pattéBarlow et al.,  strandsBF andBG on the basis of sequence similarities with Fn3
1993. Second, CCP modules were not detected using sensitivand PKD domaingFig. 4), HYR modules nonetheless have very
profile-like procedures such as PSI-BLA®Altschul et al., 1997 different sequence patterns in the N-terminal parts relative to Fn3
or HMMER (Eddy, 1998 with the sequences depicted in Figure 3, and PKD domains, just as these latter two domains also largely
even considering hits below the significance level. Finally, the keydiffer in the sequence characteristics of their N-termingi&rands.
residues of the two modules, including hydrophobic amino acidsThe different N-terminal conserved sequence patterns of HYR,
which probably participate in their compact cores, are clearlyFn3, and PKD domains also distinguish from those of other re-
different. peated domains described in Table 1. Consequently, the HYR fam-
Using PSI-BLAST, similar searches were performed using thelly of domains appears to be a distinct superfamily within the
tandem of Polydom HYR domains instead of each domain conimmunoglobulin-like fold. The clear conservation of structural ele-
sidered separately. Interestingly, in addition to the above-mentionethents participating to the CFG face relative to cell adhesion mol-
members of the HYR familyreported in Figs. 2, 3 significant  ecules makes it likely that this face could also play an important
matches were also observed with other domains, some of whictole in the HYR adhesive function. The most probable strand as-
correspond to well-established Fn3, PKD or CA domdifig). 4; signment for HYR domainél/A, 2/A’, 3/B, 4/C, 5/E; Figs. 1, 3



Table 1. Summary of the PSI-BLAST results using the two HYR domains of mouse Polydom as query, after three iterations [BLASTP 2.0.6, nr database (425689 seque

Other
Acc number Matching identified
Abbreviation Name Species (aa number domains Number Positids) E-value domains
CHIB/CLOPA Chitinase B Clostridium paraputrificum dbjBAA23796 nd 2 622—-699700—-783 21073t GH18
(831 aa
CHIA/CLOPA Chitinase A Clostridium paraputrificum dbjBAA34922 nd 2 624—-701702-785 1xX 107 GH18
(832 aa
YEST/BACHA YesT Bacillus halodurans dbjBAA75373.1 nd 2 444-528529-607 5 107%  Fn3
(688 aa
YO13/BPL2 Hypothetical protein Acholeplasmahage L2 siP42548 nd 3 373-455456-538539—622 7X 10725
(738 aa
CHIA/VIBHA Chitinase A Vibrio harveyi gil1763985 nd 2 352-429430-506 210722  GH18
(729 aa
SC4C6.20@STRCO  Putative glycosyl hydrolase Streptomyces coelicolor emJCAB45584.1 nd 3 144-239240-333334—-428 2x 10710
(728 aa
SPI4_Q'SALTY Unknown (1512 aa Salmonella typhimurium gi[3323600 nd 15 [1-19/20-118119-215216-31¥ 2x 10719
(1512 aa 312-410411-512513-607608—

706/707-799800-89%896-993
994-10841085-11811182-1279
1280-1384[1384-1463

Similar but smaller sequences: gi|3323592 (526 aa), gi|3323594 (754 aa), gi|3323595 (172 aa), gi|3323596 (820 aa), gi|3323597 (206 aa), gi(3328599i|3323601 (463 aa)

ESRENTFA Surface protein

PSTI/STAST Pstl

ORFZ/SALTY Proline/threonine—rich
protein

SLRO364SYNY3 Hypothetical protein

Enterococcus faecalis

Staphylococcus simulans

Salmonella typhimurium

Synechocystis sp.

0i[38731187 nd
(1873 aa

gil4097699 nd
(173 aa

gbAAD34846.1 nd
(1605 aa

dbjBAA10087 nd
(3029 aa

4+9

14

22

?_777778-86¥862-945946-1073  1x 10718
1074-115%1156-12371238-1319
1320-14011402-14831484-156%
1566-16471648—17261727—1809
[1-45/46-13)[132-173 2x 10715
?-272273-376377-48(0481-564 6 X 10715
565-671672—754755-84(0841—
924/925-103%1036—11391140—
1242/1243-13461347-14431449—?
690—795796-90(/901-999,1000—
10971098-11931197-129%1296—
1393/1394-14921493-15911592—
16891690-17881789-18871888—
1985/1986-20842085—21832184—
2281/2282-23802381-24792480—
2577/2578-26762677—277%
2776-2900

1x 10713

98¢€T
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SLPO_BACBR Outer cell wall protein Bacillus brevis spP09333 nd 2 ?—-907908-1004 5x 10718 :_r|
(1004 aa 2
GUXA_CELFI Exoglucanase A Cellulomonas fimi spP50401 Fn3 3 479-56/674—-664672-762 2x 1077 CBD <
(872 aa GH6 A
AF011339.JACIAD  Unknown Acinetobacter sp. ADP1 ghAAC27114.1 nd 4 [1-71]/72-172173-278279-366 2x 1077 g
(918 aa =
GUND_CELFI Endoglucanase D Cellulomonas fimi spP50400 Fn3 2 451-540641—-636 2x 107° GH6 f,
(747 aa <_1h
PH0954PYRHO 4436 aa long hypothetical Pyrococcus horikoshii dbjBAA30051 nd 2 1670-179B.796-1871 7 107° Fn3 g
protein (4436 aa PKD D
AF1652/ARCFU Prepro-subtilisin sendai Archaeoglobus fulgidus gi[2648899 nd 2 531-610611-684 3x 1075 Peptidase S8 7
(910 aa PKD
SLRO36GSYNY3 Hypothetical protein Synechocystis sp. dbjlBAA10088 nd 9 [1-61]/62-167168-273274-379 4x10°°
(1742 aa 380-485486-59)592-720721—
857/858-996
KIAA0319/HUMAN  KIAA0319 Homo sapiens dbjBAA2077 Fn3/PKD 4 429-523524-619620-713714-810 3x 10°* FN3/PKD
(1072 aa
PHD/PSEST Polyhydroxybutarate Pseudomonas stutzeri dbjBAA32541 nd 1 ?7—-442 3x 1074
depolymerase (576 aa
BCA_STRAG C protein alpha—antigen Streptococcus agalactiae  sgQ02192 nd 9 227-30$307-388389-470471— 7 %1074
(1020 aa 552/553-634635-716717-798
799-88(0)881-962
FAT/SYNY3 Fat protein Synechocystis sp. dbjBAA17114 nd 4 348-42Y422-5253526—-638639— 7 %107
(1965 aa CA 10 734/735-836837-938939-1040
1041-11421143-12441245-1348
1347-14481449-155(01551-1652
1653-1754
CHI1_BACCI Chitinase Al Bacillus circulans spP20533 Fn3 2 454-548650—-644 9x 1074
(699 aa

aSearches were limited to this step and not performed until convergence, because HYR domains, particularly rich in “light” amisucacadsglycine, alanine, serine, and threonihave biased amino
acid composition(also see text and consequently, PSI-BLAST generates from this step compositionally rooted artefacts, such as that observed f@.gouelbkC1_XENLA, PSI-BLAST E-value X
104). As noted by Altschul and Koonifl998, such cases can be identified by visual inspection, especially because the hits do not share conserved motifs of the HYR domains. PSI-BLASF E-values f
members of the HYR family range from>3 10~#! (S. purpuratushyalin) to 2 X 10~%" (W02C12.¥ CAEEL). The positions of N- and C-terminal limits are shown with a question mark when not identified
precisely.

Proteins composed exclusively of the matching repeated domain are undévliined the sequence repeats are shifted relative to the structural repeat, N- and C-terminal sequences, which probably
participate in a unique structural, unit are shown in parentheses

Other domains previously identified in the different proteins sequences are also indiGat&: Glycosyl Hydrolase family 18; GH6: Glycosyl Hydrolase family 6; CBD: Cellulose-Binding Domain;
Peptidase S8: Peptidase Family) S8

bnd, not determined.
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Strand B FW

Strand BG

FAT/SYNY3(05) sos  CA EQLVNPARID
CAD2_MOUSE T1 ENMPTIVINWID
CHI1_BACCI (01} 522 GTSRTLTRELKPAAGL LS. .. ... .. RASNAYTYST
CHI1_BACCT (02) 617  DTSHTITLKLKRAAGEVS. . . . .. .. AASHAYSYKT
GUND_CELFI (01} 513  DsapThShREERGAaGE TS, DT AASAAYTURT
GUND_CELFI(02) 609  ATAPNTITYURUVIVARGEIVS, | .., .. AASAPYGYTT
BGUXA_CELFI(01) 539 TaasaafaldTT
GUXA_CELFI(02) 637 _AanSAApShTT
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Fig. 4. Alignment of the two C-termingB-strands of HYR domains and bacterial repeated domains reported in Table 1, relative to
those of Fn3 and PKD domains, as well to those of cadh@ZiA) domains. The positions gB-strands are underlined when
experimentally determine@mouse cadherifCAD2_MOUSE, PDB 1CN) human titin (TITIN/HUMAN, PDB 1BPV); human
fibronectin(FINC_HUMAN, PDB 1FNB; human PKD1(PDK1/HUMAN, PDB 1B4R). Abbreviations are those reported in Table 1,
except collagenase frof@lostridium histolyticum(COLA/CLOHI, pir|l40805.



The HYR family of domains 1389

is justified by the most conserved features of c@rstrands(the
two sequence-adjacent pairs of strand€Bnd EF, the predicted
strandsBB, BE, or BF of HYR domains carrying conserved aro-
matic amino acids by constraints brought by the probable disul-
fide bond[linking strandBA and strand3G, like in CD2 (Bodian

et al.,, 1994, and in an Fn3 module of neurogligiuber et al.,
1994], and by the conserved motif linking stran@8® and SC

[similar and conserved motifs are found separating strgidand
BC in chitinase Fn3 domainsSuzuki et al., 1998.

Secondary structure predictions were performed using the JPred
server(Cuff et al., 1998.

Note added in proof: Since completion of this work, the genome
sequence dbrosophila melanogastaewvas published, in which two
gene products containing HYR domains were dete¢seg also
http://www.Imcp.jussieu.ff~callebay HYR.html):

1. CG7526(gi|7295215; 1394 gal HYR domain(aa 1248 to
1329 accompanied by 1 EGF, 14 EGF-CA, and 2 CCP domains.

Bacterial repeated domains as new members within the immuno2. CG9138(gi[7297206; 3396 ga3 HYR domains(aa 1298 to

globulin-like fold: The bacterial repeated domains, which also
should form distinct superfamilies within the immunoglobulin-like
fold (Fig. 4; Table 1}, are often associated within a same protein
sequence with Fn@.g., YesT fronBacillus halodurang CA (e.g.,

fat protein formSynechocystjsand/or PKD domainge.g., prepro-
subtilisin sendai fromArchaeoglobus fulgidys They are also ob-

1384; 1385 to 1468; 2634 to 2716ccompanied by 1 LDLa,
3 CUB, 9 CCP, 2 FA58C, 16 EGF-CA, 2 3 STT2R, 3 EGF,
and 1 LamG(laminin G) domains as well as a potential trans-
membrane segmefaa 3256 to 3276 The domain organization
of the first half of the CG9138 gene product is very similar to
that of theC. elegand=47C12.1 hypothetical protein. The ad-

served linked to enzymes, which, in other species, possess true Fn3 ditional information brought by th®. melanogasteCG9138

(e.g., chitinasesor PKD domainge.qg., peptidasesThis distribu-

sequence led us to detect a second HYR domain in the F47C12.1

tion suggests an evolutionary relationship between these repeated sequence, following the first one described in Figures 2 and 3
domains and Fn3, PKD, and CA domains, although independent (aa 1196 to 1279 The second half of the CG9138 sequence
origins for different superfamilies belonging to the immunoglobulin-  (aa 1842 to 338@2is identical to the recently described SP1070
like fold are generally largely favore@ork et al., 1994; Shapiro gene product(gi|7542565; 1551 aa; 100% identity between
et al., 1995b; Halaby et al., 199%0me of the bacterial repeated ~ aa 1 and 1541 whose HYR domain is located between aa 793
domains highlighted here occur in a number of important proteins and 875.
such as surface proteins frostreptococci(Rib and C-alpha pro-
.te|n anFlgen, _ESP protein, R28 protekmown to confer protective Acknowledgments: I.C. and J.P.M acknowledge the financial support
immunity (Wastfelt et al., 1996; Shankar et al., 1999; Stalhammar-f the CNRS programs “Physique et Chimie du Vivant” and “Génome.”
Carlemalm et al., 1999; Fig.)4Their characterization relative to
the immunoglobulin-like fold thus opens new perspectives for study-
ing their function and for designing efficient vaccines. References
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